Heat stroke is associated with prolonged exposures to high air temperatures at usualy occur in the summer months ofJuly and August in Tokyo, Japan. Also uringJuly and August, residents of Tokyo are often eposed simultaneously to high concentrations of air pollutant. To assess the impacts of these combined exposures, daily numbers of heat stroke emergency transport cses/million residents for Tokyo were stratified by gender and three groups: 0-14, 15-64, and > 65 years of age, for the months of July and August in 1980August in -1995 A regession model was constructed using daily maximum temperature (T,,) and daily average concentrations of NO2 and 03 as model covariates. Classification indices were added to make it possible to compare the expected number of heat stroke cases by age and gender. Lag times of 1-4 days in Tm and air quality covariates and terms to account for interactions between pairs of model covariates were also included as additional risk factors. Generalized linear models (GLMs), as a Poisson error structure for heat stroke emergency transport cases, were used to determine which covaiates were significant risk factors for heat stroke for the three age groups of males and females. Same-day T, and concentrations of NO2 were the most siificant risk factors for heat stroke in all age groups of males and females. The number ofheat stroke emergency tranport cases/million residents was greater in males than in females in the same age groups. The smallest number of heat stroke emergency transport cases/million residents occurred for females 0-14 years ofage and the greatest number of heat stroke emergency transport cases/million residents occurred for males > 
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The Intergovernmental Panel on Climate Change has projected that atmospheric concentrations of CO2 could double in the next 50-100 years (1) . Because of the greenhouse effect, a doubling of atmospheric concentrations of CO2 could result in an increase in average global surface air temperatures of 1-3°C. In addition, because approximately 65% of atmospheric concentrations of CO2 are from the combustion of fossil fuels, increasing concentrations of CO2 could also be accompanied by increasing concentrations of air pollutants, particularly in large urban areas. An increase in surface air temperatures could be accompanied by a greater frequency and duration of heat waves. Because heat waves often occur in large metropolitan areas during warm summer months, these areas could experience an increase in the incidence ofheat-related morbidity and mortality (2) .
In Tokyo, Japan, heat waves occur most often during the warm summer months of July and August. Heat waves are characterized as periods of prolonged high daily average temperatures, high maximum and minimum temperatures, high relative humidities, and in many cases because of temperature inversions and/or stagnant air masses, high air pollutant concentrations. During a heat wave, hot days are often followed by hot nights because of the heat island effect. These weather and air quality conditions can produce a high degree of heat and air pollution stress, especially for people with cardiovascular and respiratory disorders. During heat waves, combined exposures to some or all of these factors often occur either on the same day or within a short time of each other. Because the frequency and duration of heat waves may increase as a result of increasing surface air temperatures, it is important to determine the extent to which some or all of these climate and air pollutant variables contribute to heat-related morbidity, particularly heat stroke. In addition, the impacts on different age groups of males and females as a result of these combined exposures must be determined. Figure 1 . This graph indicates that the daily average number of heat stroke emergency transport cases/million residents was greater for males than for females for the same age groups, and that the daily average number of heat stroke emergency transports/million residents were greatest for males and females > 65 years of age. In many instances, the daily average number of heat stroke emergency transport cases/million residents in males 15-64 years of age were almost as high as for males and females > 65 years of age. These results suggested that regression models for heat stroke should be structured to compare expected daily numbers of heat stroke cases by gender and age.
Data and Model Development
An additional consideration in the development of regression models for heat stroke was the higher daily average numbers of heat stroke emergency transport cases/million residents for males 15-64 and > 65 years of age and females > 65 years of age that were observed in 1981, 1984, 1987, 1990, and 1994-1995 . These observations suggested that models for heat stroke needed to account for annual changes in the number of heat stroke cases for each age group of males and females. Because exposures to high daily maximum temperatures (Tmax) have been strongly associated with heat stroke (2), it was important to understand how daily averages in T were changing from 1980 to 1995 and how they were related to the average daily number of heat stroke emergency transport cases/million. Figure 2 is a plot of daily average Tmax temperatures for July and August 1980-1995 and the average daily number of heat stroke emergency transport cases/million for males and females > 65 years of age. The correspondence between the peaks in the number of heat stroke cases and the peaks in Tmax suggest that a regression model which used T ax as a covariate would best simulate conditions of maximal heat stress. Figure 3 shows the frequency of occurrence of heat stroke in the three age groups of males and females for July and August 1980-1995. For most days, there were no emergency transport cases for heat stroke in all age groups of males and females. These results, along with calculated means and standard deviations for the densities of each age group of males and females, indicated that the daily number of heat stroke emergency transport cases for each age group of males and females were rare and were assumed to be Poisson distributed. For a regression model for heat stroke, citywide daily concentrations of air pollutants and climate variables were obtained from the Japan Environment Agency (Tokyo, Japan). Daily 24-hr averages for each climate and air pollutant variable used in these analyses were calculated from pooled hourly measurements from four measurement locations within the city. Tmax(C) data were also obtained from this same data set. From these records, daily averages were calculated for NO2 concentrations (ppb), photochemical oxidant concentrations (ppb); concentrations of particles with mean diameters < 10 pm (PM10; pg/m3); air temperatures j ;°C), and relative humidities (%). For Tokyo, approximately 80-85% of photochemical oxidant concentrations were composed of 03. Therefore, 03 (ppb) was used throughout this study as the surrogate for photochemical oxidant concentrations.
A regression model using the heat index as a model covariate was also considered. The heat index combines temperatures that are . 21°C with relative humidities in a formula given by Stedman (4), and makes it possible to combine two important climate variables into one variable. However, the pathophysiology of heat stroke is difficult to interpret with the heat index because the temperature contribution to the heat index is difficult to isolate. As a result, a regression model for heat stroke that used the heat index as a model covariate was not considered further in this analysis.
Correlations of all pairs of covariates indicated that NO2 and PM0o were moderately collinear, r = 0.59. To determine which of these concentrations should be used in the analysis of heat stroke, linear regression analyses of heat stroke as functions of only NO2, of only PM1O, and of the linear combination of T ax, NO2, and PMIO were carried out. Results of these model studies indicated that PMIO concentrations were not significant contributing risk factors for heat stroke for both males and females in any age group whereas concentrations of NO2 were.
As a result, PMIO concentrations were not considered further as a risk factor for heat stroke. Table 2 contains summary statistics for all model covariates.
Analysis Methods
Generalized linear models (GLMs) were used to determine which of the model covariates were significant risk factors for heat stroke (5) . A GLM was used instead of an autoregressive-integrated-moving-average (ARIMA) time-series model because the number of daily heat stroke emergency transport cases was count data (6) . To filter out any unmeasured long-term trends in the daily number of heat stroke cases that may have occurred Table 3 . The estimate of the overdispersion factor for this model was nearly equal to 1.0. During the Chicago, Illinois, heat wave of July 1995, the most common comorbid conditions that accompanied symptoms associated with classic heat stroke for 58 near-fatal heat stroke patients with a mean age of 67.5 (standard deviation = 17) were hypertension, alcohol abuse, coronary artery disease, and diabetes mellitus (10) . In addition, 16 patients were taking diuretics and phenothiazines, medications that may predispose people to the development of heat stroke. Biological markers for heat stroke were described by Bouchama et al. (11) , who showed that circulating concentrations of pyrogenic cytokines were elevated in patients with heat stroke. These cytokines included tumor necrosis factor-a, interleukin-6, interleukin-1 P, and interferon-y. The authors suggested that the elevated levels of these pyrogenic cytokines were important in explaining the pathophysiology of multiple organ failure, shock, and hyperglycemia often observed in heat stroke patients.
An additional response to exposures to higher temperatures is the synthesis of heat shock proteins to protect vital cells, tissues, and organs from thermal damage (12, 13) . In the synthesis of heat shock proteins, studies in laboratory rats have shown that peroxidative damage from exposure to higher temperatures was greater in older male and female rats than in younger male and female rats (14) . Peroxidative damage was mitigated by the production of the protective enzymes glutathione (GSH) peroxidase, GSH transferase, and catalase. As an indicator of the animal's ability to adapt to higher temperatures, hepatic cytosolic GSH peroxidase activities were much higher in younger rats than in older rats. This study with laboratory animals suggested that the capacity to synthesize heat shock proteins diminished with age and compromised the animal's ability to adapt to prolonged exposures to high temperatures.
Whereas exposures to high temperatures have been well established as a significant risk factor for heat stroke, exposures to elevated concentrations of NO2 have usually been associated with respiratory disease disorders. The results of this study suggest that exposures to NO2 are also significant risk factors for heat stroke in all age groups of males and females. Further, temperature and air quality conditions that produce high levels of heat and air quality stress may result in a greater risk for heat stroke in individuals with existing or preexisting respiratory and cardiovascular disorders.
There is considerable evidence that exposures to NO2 reduce pulmonary vital capacity in humans. Investigators in the Harvard School of Public Health Six Cities Study extensively studied the effects of air These studies on the effects of NO2 exposures on pulmonary function in children indicate that respiratory dysfunction may also be important in the pathophysiology of heat stroke for the young and possibly for elderly adults. It is not clear why there should be such a significant difference in the daily number of heat stroke emergency transport cases/million residents between male and female Tokyo residents > 65 years of age. The body's response to heat stress is to return core body temperature to a normal range. This attempt to restore thermal equilibrium involves multiple organ systems and physiologic functions. The pathological consequences of heat stress for the elderly may be attributable to the collapse of multiple physiologic control systems. For elderly males, the strain on the cardiovascular system that is induced by the systemic response to heat stress may combine additively and/or synergistically with increased respiratory dysfunction from chronic obstructive pulmonary diseases, such as emphysema or asthma, in a manner that is greater than for elderly females. Reports from the July 1995 Chicago heat wave (10) and earlier studies on the heat wave in St. Louis and Kansas City, Missouri, in July 1980 (25, 26) provided no information on differences in response for males and females or information on the presence or absence of chronic obstructive pulmonary diseases.
The peaks in the daily numbers of heat stroke cases for males and females > 65 years of age in 1981, 1984, 1987, 1990, and 1994-1995 
